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NOMENCLATURE 
A Area ftz mZ 
Af Fin area ftz mZ 
Ai Heat exchanger inside area ftZ mZ 
Ao Heat exchanger outside area ftz mZ 
Aprim Heat exchanger primary area ft Z mZ 
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Atot Heat exchanger total area (air side) ftz mZ 
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h Convective heat transfer coefficient Btu/hftz.F W/mzK 
k Thermal conductivity Btu/h.ft.F W/m K 
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m Mass flow rate lbm/hr Kg/s 
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Nc Number of cells 
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Q Heat flux Btu/hr W 
R Thermal resistance hr.F/Btu K/W 
Ra Wall resistance hr.FIBtu K/W 
T Temperature F K 
~Tlm Mean logarithmic temp. difference F K 
v 
hTa Air temperature difference 
hTb Hot fluid temperature difference 
U Overall heat transfer coefficient 
V Velocity 
z Height 
Greek Symbols: 
h Change in value 
0 Fin thickness 
Ttef Surface efficiency 
Ttf Fin efficiency 
J.L Viscosity 
Dimensionless Groups: 
Nu 
Pr 
Re 
St 
Subscripts: 
a 
r, ref 
h 
c 
i 
o 
lim 
Colburn j-Factor 
Nusselt number 
Prandtl number 
Reynolds number 
Stanton number 
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vi 
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Chapter 1. INTRODUCTION 
1.1. Literature Search 
This paragraph will briefly present some experimental methods used 
in the heat exchangers field, to determine the heat transfer 
coefficients. 
1.1.1. Classical Wilson Plot 
Introduced in 1915 by E.E. Wilson [31. the classical Wilson Plot is 
based on the following equations and hypothesis: 
a) The overall resistance: 
b) the resistance on one side is considered to be of the form: 
1 1 
( hA )i(o) = C yO.82 
i(o) i(o) 
c) Holding the other side constant, increasing the velocity of the 
above defined side, and extrapolating to infinity, (l/hA)Ho) becomes 
zero; this means that the sum of the other two remaining terms (the 
ones held constant) can be calculated. And when the wall resistance 
Rw can be neglected, then the resistance of the other agent is found. 
The original Wilson Plot used a shell and tube condenser with 
unfinned circular tubes and condensing steam on the shell side and 
water on the tube side. The coefficient 0.82 was used on the water 
side. 
The limitations of the original Wilson Plot are presented very well in 
Robert Weber's Masters Thesis [2], 
1.1.2. Modified Wilson Plot 
Four studies consist of the so called "Modified Wilson Plot"; all have 
in common the fact that each deals with single phase fluids on both 
sides. 
Young and Wall [4] use the same type of correlation for both sides: 
1 
where, for both agents, a = 0.8 and b = 0.4; varying the velocity (Re) 
on one side, the resistance of the other one can be found. 
Briggs and Young [5] assumed a = 0.8 for only one fluid (the one that 
varies), while the other fluid has an unknown "a", which can be 
found by extrapolating the first one's Re to infinity. 
Khartabil [6] used unknown values for both fluids a's and solved a 
more complicated nonlinear regression to calculate all the unknowns. 
Shah [7] held one agent constant, calculating the "a" for the other one; 
this method has the advantage that it does not set a value for "a", 
which results from the analysis. 
Following Shah's prescriptions, Weber [2] maintained the condenser 
air side conditions constant, while varying the refrigerant side flow 
rate for a fixed amount of heat input. Overall values for the 
condenser UA have been calculated with effectiveness-NTU method. 
The purpose of the procedure was to eliminate the refrigerant side 
resistance so that the modified Wilson Plot provides the air side 
resistance. These measurements have been performed with the 
refrigerant in single phase. Then, the results have been validated 
with another set of measurements, this time with the refrigerant in a 
two-phase refrigerant flow. This one has been held constant, while 
varying the air side parameters. 
These are, briefly, the most important experimental methods 
commonly used in heat transfer. 
1.2. Thesis Goals 
The present thesis has as its primary goal to find a general and 
original method of calculating the heat transfer coefficients in heat 
exchangers. The method will be based on what we shall name 
"Temperature Limit Principle" (TLP), a law which will be developed 
further in the paper. -
The experimental measurements have been accomplished using the 
"Full Condenser" facility in the Air Conditioning and Refrigeration 
Center located at the University of Illinois at Urbana-Champaign. 
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Chaoter 2. INITIAL APPROACH 
2.1. Mathematical Development 
As stated in the introduction, we are interested in developing a way 
of determining the heat transfer coefficients for an existing heat 
exchanger. Beginning with the heat transfer equation for a tube and 
fin heat exchanger: 
Q = UA ~T 1m (2.1) 
where the overall heat exchange coefficient, UA, neglecting the 
conduction through the tube walls, is : 
(2.2 ) 
where "0" refers to the outside fluid, while "i" - to the inside one; llef is 
the surface efficiency. 
For the given situation, llef for the interior surface is one. This means 
that, after multiplying the nu merator and the denominator by Ao' we 
can obtain: 
(2.3 ) 
Expressing A from the above equations, there results: 
(2.4) 
In this equation the only unknowns. for a given experiment are ho 
and hi' 
Primarily, the purpose of this thesis was to find a way, starting from 
this equation, to determine a correlation for the outside heat transfer 
coefficient (the air side), and a discrete value, or even a correlation 
for the inside heat transfer coefficient (the refrigerant side). 
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In order to do so, the classical correlation for air convective heat 
transfer has been chosen: 
Nu = C Rea Prb 
Combining (2.4) and (2.5), we get: 
A=...!L 
o AT 
1m 
1 1 
-----+--~ CReaPrb Ai h. l1er D... A 1 
ho 
(2.5) 
(2.6) 
Equation (2.6) contains the unknowns C, a, b and hi. This fact suggests 
that if several measurements with the same hi are performed an 
analytic system can be created to calculate the above unknowns. If 
the system can be solved, the results would give simultaneously the 
value of the inside heat transfer coefficient for the particular fluid 
(refrigerant) conditions and the correlation for the outside heat 
transfer coefficient. As presented above, the refrigerant has to be 
either in a single phase, or completely in a two-phase state. Since the 
experimental facility is capable of controlling the condenser inlet 
parameters, the last choice has been primarily selected and the 
refrigerant has been kept for most of the heat exchanger length in a 
two phase state. 
A comment concerning equation (2.6) which can be of importance in 
practical applications can be added: if the wall resistance is 
significant, or other resistance (e.g. fouling effects) whose values can 
not be ignored, then equation (6) becomes: 
1 +_1_+ AiRw 
k CR aPrb Ai h Ai l1er D e A i -
h 0 Ao 
(2.6a) 
or, in an equivalent form: 
4 
(2.6b) 
Thus, since instead of calculating the inverse of the inside heat 
transfer coefficient, the term (~I +A;R.) results, which will 
underestimate the inside heat transfer coefficient hi' 
In the rest of the development we will consider Rw = 0, but we will 
know how to interpret the results. 
2.2. Experimental Observation 
The procedure presented above has been put into practice for an 
automotive aIr conditioning condenser, the refrigerant parameters 
were held constant and the air side parameters were varied. Since 
the experimental facility allows accurate control of the inlet air 
temperature, it was set to different values. Then, the air mass flow 
rate was adjusted in such a way that the inside parameters 
(inlet/outlet pressure and temperature and mass flow rate) were the 
same. 
During the experiments an interesting phenomenon was observed. In 
order to get the same refrigerant parameters (without changing 
anything on that side - like pump speed, total heat transfer), the air 
mass flow rate had to be adjusted so that the outlet air 
temperature remained constant for different inlet 
temperatures in each set of experiments. By "set of 
experiments" we mean all the measurements performed with the 
same refrigerant parameters. This observed fact is represented in 
Figure 2.1. As previously mentioned, the tests were performed with 
the refrigerant in a two-phase state throughout the entire condenser, 
but other experiments show that the same results have been 
obtained with a region of desuperheat in the heat exchanger, in 
addition to the condensing region. 
We must emphasize that the phenomenon has been consistent and no 
counter experiment could be performed. This observation is the basis 
of study for the next chapters. We want to prove that this observed 
5 
fact has a theoretical reason and we shall try to establish to what 
extent it can be validated. 
T 
Tr 
Tao t:~::~==~~~~~~~::::======~----~-------Taj""t 
Taj'" 
Taj" 
Taj' 
ma 
Atot area 
Figure 2.1. Air temperature variation for different mass flow rates. 
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Chapter 3. APPROACH TEMPERATURE LIMIT PRINCIPLE 
3.1. Creating the Theoretical Model 
Let us perform the following theoretical test: having a given heat 
exchanger, we want to obtain a specific heat flux Q, with a fixed 
temperature of the cold agent Te - we will consider that the cold 
agent is in a two phase state, thus the temperature stays constant 
throughout the entire heat exchanger. Moreover, we will consider 
that the cold agent mass flow rate stays constant too. Thus, 
everything on the cold agent side is constant. An important 
assumption to be made is that the given heat exchanger allows the 
two fluids to exchange the required heat flux. 
One more restriction will be introduced, on the hot agent side this 
time: we require a known, fixed temperature difference between the 
inlet and outlet of the agent, AT h = T hi - ThO. It must be well 
understood that we are interested in a given difference of 
temperatures, and not a constant inlet or outlet temperature. In 
order to achieve all these constraints, the system obviously requires 
a certain amount of hot fluid mass flow rate, which results from the 
following equation: 
The situation is represented in Figure 3.1; there is a given 
temperature Te and, like a "brick" - AT h' which supposedly can be 
situated anywhere above the Te line. 
A first question that we shall try to answer is : how many of those 
"bricks" fit the problem, or, even better, which region above the Te 
line allows the hot fluid to satisfy the given problem. 
3.l.1 Heat Transfer EquatiOns 
In order to attempt to give an answer to the previous question, the 
heat transfer equation will be written in the "electrical" form: 
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or: 
(3.1.1) 
One aspect mentioned at the end of the second chapter should not be 
forgotten: Rc means the cold temperature heat resistance if the other 
resistances (as the wall resistance, etc.) are negligible; if not, then Rc 
includes all these heat resistances. 
T 
j j r-
r-
DTh r- ~ 
, ~ 
~ 
~ 
-
r-
... r-
... 
.... 
.... 
-
-
-
Tc ... 
-... 
. potential cas es 
Figure 3.1. Which are the possible situations for the position of the 
"bricks" ? 
In equation (3.1.1), there are several parameters and several 
variables, according to the imposed problem: 
a) parameters: 
- the required heat exchange Q; 
- the cold agent temperature Tc and the cold agent heat resistance Re, 
since everything on that side is held constant; 
- AT h although it did not appear explicitly so far. 
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b) variables: 
- inlet and outlet hot fluid temperatures; 
- the hot agent heat resistance Rh. 
We will try to rewrite this equation so that as many of the constraint 
parameters as possible will show up. That is why Tho will be added 
and subtracted in the logarithm numerator: 
Thi -Tc = Thi -Tho + Tho -Tc = 1+ Thi -Tho 
Tho -Tc Tho -Tc Tho -Tc 
ButAT h = T hi - ThO, so that equation (3.1.1) can be rewritten: 
(3.1.2) 
Analyzing equation (3.1.2), there can be observed that, besides the 
desired constants, there are two more terms we do not know much 
about: Rh and Tho. This is what can be stated about each of them. 
a) Rh: it is a function of mass flow rate, thus of AT h , and of the 
physical properties of the hot agent; if we consider them to be quasi 
constant in a given temperature interval, we can conclude that mass 
flow rate is the only variable in the resistance. We must not forget 
that Rh is a function of the surface efficiency, but in this study, due to 
reasons of simplicity, we will assume it to be constant too; 
b) ThO: the only restriction for this temperature up to this point is : 
In the following paragraph, a new restriction for ThO will be found. 
3.1.2. Restrictions for T b.Q 
In order to attempt to find a new limitation to Tho, we will perform 
the following test: holding everything constant on the cold fluid side, 
the hot fluid mass flow rate will be increased. It is a known fact that 
the thermal resistance is inversely proportional to the fluid velocity. 
So, by extrapolation, when mass flow rate and fluid velocity go to 
infinity, the thermal resistance Rh goes to zero. Meanwhile, the 
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te mperature difference AT h for the hot fluid also goes to zero. 
Although this statement has not been rigorously proven so far, it has 
been successfully used by most of the existing procedures, starting 
with the Wilson Plot. 
Formally we can write: 
In this situation, equation (3.1.2) will become: 
(3.1.2') 
The only problem with the above limit is the term (Tho - Te), whose 
value we do not know. However, since the difference can not become 
equal to zero (since the heat exchanger is a finite one and it has to 
change a certain heat flux) and it is not infinite, we can assume that 
it is a finite number. Therefore, this limit case can be solved using 
l'Hopital rule, which means we have to calculate the derivative of 
both numerator and denominator: 
(3.1.2") 
The last term above shows the fact that, when mass flow rate goes to 
infinity, the temperature difference of the two fluids goes to a 
limiting value. Since Te is constrained to a constant value, we can 
transfer the subscript "limit" to the hot agent temperature. So, with 
this consideration, equation (3.1.2) becomes: 
(3.1.3) 
What does equation (3.1.3) tell us? If we want to get a certain 
amount of heat from an infinite mass flow rate of hot fluid, with 
given properties and constant temperature for cold fluid, the limiting 
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temperature of the hot fluid is fixed and can be evaluated with the 
following expression: 
T h lim = Tho = T hi = T e + Q Re. (3.1.4) 
We will try to find the reason(s) why, for a finite hot agent mass flow 
rate mh, Tho has to be greater than Thlim given by equation (3.1.4). 
Since the presence of the logarithm in equation (3.1.2) makes it hard 
to deal with, we will use the mean temperature difference as follows: 
AT = Tbi + Tho -T 
ave 2 c 
In this situation, the heat flux can be expressed as : 
Expressing the middle term as a function of AT, by adding and 
subtracting a Tho in the temperature average, we get: 
The hot fluid heat resistance will be expressed from the last equality: 
(3.1.5) 
The equation (3.1.5) has to satisfy the condition Rh greater than 0, for 
all the possible conditions; and we must emphasize that equation 
(3.1.5) is valid for any Re's, Te's and AT h'S. This is why, a logical 
conclusion is that both terms in the right hand side of equation 
(3.1.5) must be greater than zero. The first one respects this 
condition in any circumstance, while the second does that only when: 
1 1 
Since the logarithmic mean temperature difference is smaller than 
the average temperature difference, the conclusion holds for that 
formulation as well. 
The conclusion so far is that, in order to satisfy all the requirements 
of the problem, the outlet temperature for the hot fluid be greater 
than a certain value, Tho lim, given by the extrapolation of the same 
fluid's mass flow rate to infinity: 
T ho > T ho lim· 
The result of the study so far is presented in Figure 3.2; we can 
already get rid of some "bricks" - the ones that intersect T holim line. 
T 
DTh impossible situations 
Tholim .............................. ~ .. ~ .. ~~~ ...... • 
Tcp-______________________________________________ ___ 
possible cases 
Figure 3.2. Limitations for the possible situations for the given 
problem. 
3.1.3. Temperature Limit Principle Deyelopment 
So far we have proved that the outlet temperature of the varying 
fluid has a limit, established by the heat flux in the heat exchanger 
and the internal resistance. In this paragraph we shall try to answer 
the question: what happens to the outlet temperature when it's mass 
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flow rate varies. According to the previous paragraph, when the 
mass flow rate goes to infinity, the outlet (equal to the inlet) 
temperature goes to T bo lim. As the flow rate goes down, since the 
resistance on this side goes up, the normal alignment of the growing 
"bricks" would be the one in Figure 3.3 - that is, the outlet 
temperature has a shift upwards. 
T 
DTh 
1 
- - -. n --------------~~-Tho 
Tho lim .... _______________________ _ 
Tcp-_________________________________________ ___ 
cases 
Figure 3.3. The presumed upward shift of the temperature 
difference. 
In order to check the above statement, we suggest a more thorough 
analysis of equation (3.1.2); as we already pointed out, the variables 
in the equation are ~T b, Rb and T boo 
Rb is the inverse product of convection coefficient and the heat 
transfer area: 
Ab can include the fin efficiency if the heat exchanger contains fins, 
so, in fact Ab is the effective heat exchange area. If we consider the 
surface efficiency to be constant -then, since we are dealing with a 
given heat exchanger, the area is constant. As for the heat transfer 
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coefficient, the usual way to express it is through correlations of 
type: 
Nu = f(Re, Pr,Gr,. . .) 
For forced convection, Re and Pr are the numbers which show up in 
all the existing correlations. Re is basically a function of mass flow 
rate, which for our situation (Q = constant), can be considered a 
function of ~T h with the assumption that the specific heat Ch is 
constant in the desired temperature range. Since Nu, Re and Pr are 
functions of different physical properties of the fluid, so, we can 
conclude that Rh is a function of ~T h (through mass flow rate), of 
physical properties and of course of flow patterns (laminar or 
turbulent, boundary layer thickness etc.). 
Rh = f(~T h' properties) 
Table 3.1 shows the variation of the physical properties for air in a 
temperature interval: 52-142 F. 
Table 3.1. Air Properties 
T cp k Il 
[F] (Btu/(lb F)] (Btu/(h ft F)] (lbm/(ft s)] 
52 .239 .014 .043 
62 .24 .015 .044 
72 .24 .015 .044 
82 .24 .015 .045 
92 .24 .015 .046 
102 .24 .016 .046 
112 .241 .016 .047 
122 .241 .016 .047 
132 .241 .016 .048 
142 .241 .016 .049 
Table 3.1 shows that, for limited -temperature intervals the air 
properties may be assumed constant. This is an assumption which 
will be made throughout the development of the Temperature Limit 
Principle. 
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This allows us to conclude that, for the given constraints imposed to 
the system, Rh is a function of AT h only: 
Let us return for a moment to equation (3.1.2) and perform the 
following judgment: for a given AT h we have a certain value for Rh 
and consequently, solving 0.1.2) with Tho as unknown, a value for it 
will result. Now, let us change the mass flow rate of the hot fluid; this 
will change the temperature difference AT h' With the new value for 
AT h' in equation (3.1.2), if we get a different value for T h' this would 
only mean the thermal resistance is a function dependent not on AT h' 
but on Tho as well. This fact denies the hypothesis given above which 
states that Rh = f(AT h)' It is obvious that the mass flow rate and one 
particular temperature are independent variables. This leads to the 
conclusion that, for the described constraints: 
ThO - constant. 
Alternatively the following counter example might be considered: 
instead of expressing equation 0.1.2) in terms of Tho, it can be 
expressed: 
0.1.2a) 
If we follow the same logical path as before, we end with the 
conclusion that T hi is constant. But, we must not forget that the two 
temperatures (inlet and outlet) are related through AT h' so if one is 
constant, the other one must not be. 
To find out which temperature is constant, we go back to the 
previous derivation. We found the Tho lim when dealing with 
decreasing high hot fluid flow rates and. In this situation AT h starts to 
increase. Since we have a limitation on Tho, this means that T hi must 
increase. So, from now on, we will assume that Tho only should 
remain quasi constant. 
The conclusion of the above is presented in Figure 3.4; "bricks" of 
different values must align themselves such that Tho remains 
constant, somewhere above the Tho lim line. 
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I s this theory consistent with the laws of physics ? One of the most 
classical behaviors in nature is to seek the lowest energy level 
possible. In this circumstance, low energy levels mean a low 
temperature difference. From a second law perspective this behavior 
represents the minimum entropy generation. Therefore, for one flow 
rate, the outlet temperature gives the level of this behavior. It is just 
like the "brick" has "fallen" to the lowest level (given, as stated 
before, by the internal resistances - on both inside and outside). 
T 
Tho -----
J 
DTh 
, 
Tholim~ ______________________________________________ ___ 
Tcp-______________________________________________ ___ 
cases 
Figure 3.4. The constant outlet temperature of the hot fluid 
If the flow rate and nothing else varies, this lowest level will be 
preserved, since no connection exists between the two variables. We 
repeated this statement, this time from a physical point of view since 
we think it is the key point of the derivation. Of course, if the mass 
flow rate decreases, the overall potential difference will increase in 
order to provide the same heat flux, but this is justified, 
mathe matically and physically by equation (3.1.2). 
Usually it is easier to deal with "seen" phenomena; this is why the 
hydraulic approach will be used t~ justify the above. Figure 3.5 
presents a simplified scheme of a water power plant. 
The simplified equation for the power produced by this device is : 
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If, at a certain time the mass flow rate will decrease, in order to get 
the same power, "z" has to increase. If we neglect the variation of the 
losses, then the new height "Z2 " will be recalculated ~ according 
to the new mass flow rate: 
z 
Figure 3.5. Schematics of a hydraulic power plant. 
This is an approximation of the real phenomenon: it's obvious that, 
when "z" will increase, the friction losses for example will increase, or 
even "g" will vary for very big values of "z", which will lead to an 
additional increase in the potential of the water, but if the losses are 
small compared to the power, the difference may be very well 
neglected. Although the comparison is not perfect between the 
phenomena, we hope that this example makes the heat transfer 
proble m more understandable. 
Therefore, so far we have concluded that the outlet temperature will 
remain quasy constant for a relatively small mass flow range. Now, 
let's suppose the flow rate is very high, which results in a small AT h: 
in this conditions we can assume that the outlet temperature is the 
very Tho lim' corresponding to an infinite mass flow rate, as shown 
before. This value can be calculated independent of the varying fluid 
properties, using only the heat flux and the other fluid properties. 
We can formulate the following conclusion, based on the previous 
analysis : in certain conditions (constant specific heat, constant 
exchanged heat etc.), the outlet temperature of the hot fluid 
tends to be constant as it's -mass flow rate is varies. The 
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value of this constant temperature is Tho lim, given by 
either the extrapolation of the mass flow rate to high 
values or by equation (3.1.3), when the cold fluid 
resistance is known. For lower mass flow rates, since the 
problem will be far from the initial hypothesis of this 
theory, the outlet temperature will be different from Th 0 
lim, (in fact, higher than Tho lim). This is the essence of the 
Temperature Limit Principle. 
It is obvious that this principle can be used also when the fluid 
which is changing temperature is the cold one as will be seen in the 
next paragraph. 
The Temperature Limit Principle can become an important tool in the 
heat exchanger study. This thesis will present only one practical 
application: an extremely easy way of calculating the heat transfer 
coefficient for the air side of an air conditioning condenser. 
3.1.4 Theory Application to Air Conditioning Condensers 
Since our experimental stand tests air conditioning and refrigerator 
condensers, we want to apply the above to these heat exchangers. 
The two phase fluid is the hot one, while the air is the cold fluid. In 
our experiments we want to hold the refrigerant parameters 
constant, varying the air parameters. The situation is presented in 
Figure 3.6. 
For this particular case, equation (3.1.2) can be rewritten: 
where "a" refers to air and "r" - to refrigerant. 
The conclusion of the temperature limit theory is that, with certain 
restrictions, Tao is constant and, for r~latively high values of air mass 
flow rate, equal to Tao lim' We must emphasize that, for the modern 
condensers (parallel flow or micro-channe1), the temperature 
difference for the air (inlet - outlet) is fairly small, while the mass 
flow rates are quite high, which meet the requirements of our 
theory. 
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The questions which need to be answered at this point are: 
1) Is the theory validated by experiment? 
2) If validated, is the theory of any practical importance? 
We will try to answer these questions later in the paper. But first, we 
want to generalize the theory for any neat exchanger, not for a 
condensing fluid only case. 
T~ 
Tr 
T ao lim 
~ 
- -
- . Uu 
- - -
• Dta 
--
, 
-
cas es 
Figure 3.6. The Air Conditioning Condenser scheme. 
3.1.5. Generalization of the TLP 
A more general heat exchanger contains two single phase agents, as 
shown in Figure 3.7. 
For this heat exchanger, eq.uation (3.1.2) has to be rewritten as 
follows: 
which becomes: 
(T hi - T ci) - (Tho - Teo) 
In Thi -Tci 
Tho - Teo 
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In the last equation, Tho and ~T h are constants, which brings us to the 
same result as equation (3.l.2), since Re is a function of ~Te only and 
thus Teo will tend to remain constant throughout a range of cold fluid 
mass flow rate. 
T 
Thi 
Tho 
Teo 
Teo lim 
Tei 
Atot area 
Figure 3.7. A generalized parallel flow heat exchanger. 
The above derivation has been performed for a parallel flow heat 
exchanger. A similar derivation can be done for a counter flow 
exchanger, which leads to the same conclusion. 
So far we presented the theoretical approach to this phenomenon. 
The next step will consist of a try to validate it with respect to the 
existing methods and proced ures. 
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3.2. Numerical Experiment 
We will numerically simulate an air conditioning condenser. The 
refrigerant side resistance and temperature (the refrigerant will be 
two-phase only) which will be held constant throughout the entire 
experiment. Air will be the agent which will remove the heat from 
the refrigerant. 
Most of the correlations used so far for air side heat transfer 
coefficient in forced convection heat exchangers are of the following 
kind: 
We will apply this correlation and the constant outlet te mperature 
theory to see if consistent results can be obtained. 
The approach is the following: we will select a given heat exchanger, 
with a fixed two-phase hot fluid temperature and a given hot side 
thermal resistance. Then, on the cold fluid side we will select a value 
for Re and both inlet and outlet temperatures. At the same time, will 
we consider "a" and "b" to be known. In fact "b" will be fixed 
throughout the entire experiment, while "a" will vary over the entire 
possible range. Since "a" is chosen, this means in fact that we create 
different heat exchangers, with different flow behaviors. 
The total heat exchange will be constant for all calculations. 
Starting with the above equation for Nu and holding constant the 
physical properties of the air throughout the numerical experiment, 
we can express the air side convection coefficient as follows: 
k 
where Cb = -CPrh. 
Db 
With ha calculated, the resistance on the air side results: 
where eRa has a chosen value, of the same order of magnitude as the 
practical,test, constant through the entire experiment. 
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For the thermal resistance on the refrigerant side we shall select a 
random value, which will be held constant throughout the entire 
experiment. 
The chosen values for the first stage of the experiment are: 
CRa = 3.5 I(/W 
Rr = .001 I(/W 
Re = 1000 
Tr = 350 I( 
Tai = 300 I( 
Tao = 325 I( 
Note: the value of CRa has resulted using the following numbers: 
k = 0.028 W 1m 1(; 
Dh = 0.002 m; 
C = 0.05; 
Pr = 0.7; 
b = 0.4. 
Then, the resulting number for CRa has been approximated with the 
above value. 
With these values, using equation (3.1.2) , the value of Q has been 
calculated, for different values of "a" - from 0.2 to 1.2 with a step of 
0.2. The values for the heat exchanged are presented in Table 3.2, 
along with the rest of the calculations. 
Then, for each "a", with the heat exchange held constant, Re has been 
varied within a range of (300 - 1000) and the inlet air temperature 
has been calculated, from the same equation (3.1.2), for the same 
outlet temperature (Tao = 325 I(). The values of the inlet temperature 
are tabulated in Table 3.2. 
The last step of the calculations is the air mass flow rate calculation, 
for each Re.The following equation is used: 
m = Q 
a c. (Tao - TaJ 
The values for the mass flow rates for each "a" and each Re are 
presented in Table 3.2 as well. 
To review the previous steps, we started with different Reynolds 
numbers and, assuming the outlet temperature constant and an 
exponential dependence between heat transfer coefficient and 
Reynolds, we calculated the mass flow rate in each case. But the way 
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Table 3.2. Numerical Experiment Values 
a=1.2 a=1.0 a=.8 
0=33652 W 0=28052 W 0=16874 W 
Re Tai ma Tai ma Tai ma 
[K] [Kg/s] [K] [Kg/s] [K] [Kg/s] 
1000 300 1.346 300 1.122 300 0.675 
900 299.188 1.304 297.77 1.03 295.75 0.577 
800 298.145 1.253 294.943 0.933 290.419 0.488 
700 296.76 1.192 291.246 0.831 283.538 0.407 
600 294.843 1.116 286.209 0.723 274.317 0.333 
500 292.031 1.021 278.965 0.609 261.327 0.265 
400 287.557 0.899 267.703 0.49 241.692 0.203 
300 279.481 0.739 247.977 0.364 208.656 0.145 
a=.6 a=.4 a=.2 
0=6524 W 0=1895 W 0=495.6 W 
Re Tai rna Tai rna Tai rna 
[K] [Kg/s] [K] [Kg/s] [K] [Kg/s] 
1000 300 0.261 300 0.076 300 0.02· 
900 295.137 0.218 296.302 0.066 298.105 0.018 
800 289.156 0.182 291.883 0.057 295.914 0.017 
700 281.607 0.15 286.484 0.049 293.333 0.016 
600 271.764 0.123 279.702 0.042 290.223 0.014 
500 258.354 0.098 270.852 0.035 286.353 0.013 
400 238.92 0.076 258.673 0.029 281.322 0.011 
300 207.986 0.056 240.503 0.022 274.328 0.01 
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the calculations have been performed do not relate in any way the 
two parameters. In fact, the relation between them is given by the 
following equation: 
Dm Re=_h_& =C m All Rc s 
frs 
Since, for the entire experiment Dh and the viscosity are held 
constant, there is a linear dependence between Re and air mass flow 
rate. So, if for every value of "a" the plot rna versus Re will be a 
straight line, this means there is a perfect fit between the two 
methods. 
The graphs plotted in Figure 3.8 a through f present this dependence 
for different values of "a". As it can be observed, the graphs are close 
to straight lines for a= 1.0; a=0.4; a=0.2, and are not very close to lines 
for the rest of the a's (a=0.6; a=0.8; a=1.2). 
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Figure 3.8. a) through n. Mass flow rate versus Reynolds 
for different values of "a". 
24 
b) Reyno 1 ds Exponent a= 1.0 
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Figure 3.8 (Continued) 
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d) Reynolds Exponent a=.6 
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Figure 3.8 (Continued) 
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Figure 3.8 (Continued) 
The conclusion of this nu merical experiment is that the two TLP and 
the classical way of expressing the heat transfer coefficient in terms 
of Reynolds, Prandtl etc. do not obstruct each other, on the contrary 
there is a good fit between them. We must not forget that the 
classical correlations try to find a fit for the heat transfer coefficients; 
they do not take into account the fundamentals of the heat transfer. 
From the theoretical point of view, the TLP development is superior 
since it is based on well established principles of Physics. 
3.3 TLP Procedure 
As previously stated, under certain conditions the air outlet 
temperature (Tao) is constant throughout a set of experiments. It is 
obvious that the higher the air inlet temperature the higher the air 
flow rate must become. If the inlet temperature becomes equal to 
the outlet temperature, the air flow rate becomes infinite. In fact this 
idea is not new and has been the fundamental pre mise in the 
development of the Wilson Plot technique. In this circumstance, both 
refrigerant and air are at constant temperatures and, furthermore, 
the air side heat transfer coefficient is infinite, which transforms 
eq uation (2.6) into the following: 
A=~ 1 
o ATJm Ai h 
- A r 
o 
(3.3.0 
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Equation (3.3.1) can be simplified even more and using the following 
notation and equation (3.1.3) : 
(3.3.2) 
Then, the final form of equation (3.3.1), which gives the refrigerant 
heat transfer coefficient, becomes: 
Q 1 h =--
r AT .. Ai (3.3.3) 
In equation (3.3.3) everything is known; Q and AT .. are determined 
experimentally, and Ai is a coil design parameter. This means the 
refrigerant heat transfer coefficient is known (or, in fact, refrigerant 
+ wall + fouling + etc.). The next goal will be to build an equation for 
the air heat transfer coefficient. 
Replacing (3.3.3) into the equation (2.4), the next equation can be 
written: 
(3.3.4) 
where CA is the ratio of inside versus outside geometric areas. With 
minor modifications, equation 0.3.4) can be written: 
(3.3.5) 
But AT1m is defined by the following equation: 
(3.3.6) 
With the notation y = Tr - Tai the air side heat transfer coefficient 
AT.. ' 
results (from equations (3.3.5) and (3.3.6)): 
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h = 1 
· K (1.:.l_ 1) 
1 In(y) 
(3.3.7) 
A 1] AT 
where: Kl = 0 ef .. Q 
The heat transfer can be determined from the air heat balance 
equation: 
Q = ma Ca (Tao - TaJ; 
From another point of view, Re for air can be expressed as follows: 
Replacing the. air mass flow rate into Reynolds expression there 
results: 
The air temperature difference can be written: 
The viscosity will be considered constant; the following constant will 
be defined: eRe = QDh .Using this notation Re becomes: 
caP. Af 
C Re = Re 
T -T. -AT r 81 .. 
Finally, noting that the parenthesis is (y-l ), Reynolds becomes: 
(3.3.8) 
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From (3.3.8), both y and logarithm of y can be expressed as a 
function of Re. If these two equations are introduced in (3.3.7), the 
following eq uation results: 
h. = [ 1 l' 
K K2 1 -1 
1 Re In(~; + 1) 
(3.3.9) 
where: K2 = QDh 
C.J1..A/lT_ 
With the notation z=K2/Re, equation (3.3.9) becomes: 
h. = ( 11 ) 
K z -1 
1 In(z + 1) 
(3.3.10) 
The above equation is based on a certain experimental measurement. 
Since it gives the dependence between heat transfer coefficient and 
the Reynolds number, we are tempted to say that it can be used for 
any situation, but, we must not overlook the fact that equation 
(3.3.10) is not dependent on the air side only; the ter m .JL 
dToo 
incorporates the refrigerant behaviour into it as well. 
Equation (3.3.10) gives a whole new convection heat transfer 
coefficient correlation for one side of the heat exchanger when the 
other is at a constant temperature, assuming both the fluid 
properties and the surface efficiency constant. 
This procedure has the following advantages : 
a) It relies on an observed phenomenon whose justification has at 
least been partially explained in the present paper. 
b) It is necessary to perfor m only one measure ment in order to 
calculate both inside and outside heat transfer coefficients. 
c) For one of the fluids (the air side in our situation), a single 
measurement can determine a whole correlation for a given heat 
exchanger. 
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Limitations of the TLP method: 
a) It becomes more accurate when dealing with high flow rates, so 
that T outlet -+ T outlet limit. 
b) It is accurate for fluids with low variations of physical properties 
with respect to temperature variations. 
c) The heat transfer surface efficiency must vary slowly with respect 
to mass flow rate variations (which in fact means that the heat 
exchanger be properly designed, so that, at high flow rates a high 
percentage of the area be active). 
But, since it is different from the traditional way of calculating the 
heat transfer coefficient, we have to develop a way to compare it 
with existing correlations. 
We will find a fit between the function (3.3.10) and a general one -
for example the classical one, given by equation (2.5). In Appendix 1 
there is presented a computer program, written in True Basic, which 
applies the Marquardt search technique. It can calculate the 
coefficients "C", "a" and "b" in the air side correlation, starting from 
equation (3.3.10). 
The derivation of the TLP has been based heavily on logical 
arguments. This is why we shall try in the next paragraph to 
determine an alternate way of calculating the heat transfer 
coefficient in order to validate the theory. 
3,4 Alternative method 
In this paragraph we want to answer to this question: is the 
temperature we found ~ limit temperature? In other words, does 
the extrapolation to infinity hold, or from the beginning it was a bad 
assumption? 
The question is legitimate, since, although we are dealing with 
relatively high air mass flow rates they are not close to infinity 
(which means air temperature difference close to zero). 
This is why we have tried to develop another way of determining the 
heat transfer coefficient, starting from the same premises - which 
are constant refrigerant parameters, thus constant heat transfer, 
while the air side parameters vary. 
Again, the heat transfer equation is written: 
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or the equivalent form: 
R = ATlm _ R 
r Q a' 
In this last equation, the left hand side of the equation is constant for 
a set of measurements, which of course means that the right hand 
side stays constant too. This means that, if we have two 
measurements where the above condition is true, we can write: 
( ATlm _ R ) = (ATlm _ R ) Q • 1 Q a 2' 
AT 
where the subscript means one test. If we denote - = W then we Q ' 
can write the above equation as : 
W 1 - Rol = W Z - Roz, or 
W 1 - W Z = ROl - Roz· (3.4.0 
As before, we shall use the classical form of the air side heat transfer 
correlation, which is : 
(A) 
and we will set the "b" value according to the literature, since a 
sensitivity analysis showed it's influence is small (that is, large "b" 
variations lead to small Nu changes). 
For the simplicity of the study, let us assume the air properties for 
the set of measurements to be constant. As we shall see later, this 
assumption can be relaxed and a more exact calculation can be 
performed. As we can see in equation (3.4.1), there are two 
unknowns and only one equation; that is why, we need another 
equation, of the same type - which means that we need another 
measurement, subscript 3, so we can create the following analytical 
system: 
W 1 - W Z = Rol - Roz 
W 1 - W 3 = Rol - Ro3 
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If we divide the right and the left hand sides of the above eq uations 
we get: 
WI - W 2 = Rol - Ro2 
WI - W 3 Rol - Ro3 
(3.4.2 ) 
Now, in the right hand side, divide by ROl in both numerator and 
denominator: 
(3.4.3 ) 
The thermal resistance is the inverse product between the outside 
heat transfer area and the heat transfer coefficient: 
(3.4.4) 
Since, as previously stated, the physical properties are considered 
constant for the set of 3 measure ments and so is the active area, 
using equation (A), the ratio of two different thermal resistances is in 
fact: 
(3.4.5 ) 
Substituting equation (3.4.5) into equation (3.4.3), there results: 
(3.4.6 ) 
In equation (3.4.6), the only unknown is "a", which can be easily 
determined with an equation solver. Once "a" has been found, there 
is no major problem to determine "C", from any of the two equations 
of the syste m : 
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1 (1 1 J 
A ~ Prb Re~ Re; 
(3.4.7) 
Dh 
At this point the air side heat transfer correlation is completed. 
As pointed out earlier in the paragraph, there is no major problem to 
eliminate the assumption that the air physical properties are 
constant throughout the entire set of measurements; the exact values 
can be used. Of course that, in this circumstance the form of equation 
(3.4.6) and (3.4.7) will be more complicated, but fundamentally there 
is no difference. 
With "C" and "a" determined, the value of the refrigerant heat 
transfer coefficient for the particular experiment can be obtained. 
This paragraph can by itself give a general way of solving the air 
heat transfer coefficient problem, in a simple and fast way. But, our 
primary goal in developing it has been to practically verify the 
Temperature Limit Principle. The next chapter will perform the 
necessary calculations with both procedures. 
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Chapter 4. BRIEF DESCRIPTION OF EXPERIMENT AL FACILITY 
An overall schematic of the apparatus is presented in Figure 4.1. The 
apparatus description will be divided into the following sections: 
- air-side components; 
- refrigerant-side components; 
- instru mentation. 
The apparatus is designed to test automotive air conditioning 
condensers from both mechanical (pressure drop) as well as thermal 
points of view. The apparatus respects the ASHRAE Standard 20-70, 
entitled "Methods of Testing for Rating Remote Mechanical-Draft Air-
Cooled Refrigerant Condensers". 
4.1. Air-Side Components 
The air-side part of the apparatus is designed in such a way to allow 
the control of the flow rate and of the coil inlet temperature. These 
values can be varied in such a way to cover the entire applicable 
range. 
The air is circulated in an open loop. The nominal dimension of the 
air duct is a 24 inch square sheet metal. 
The air-side facility consists of : 
- An air fan, which supplies the air into the duct. The fan is 
geometrically similar to the 16FC Belt Driven Utility Fan, 
manufactured by Trane Company in Wisconsin. That type is designed 
for an approximate air flow capacity of 4800 CFM (2.266 m3/sec), 
with a pressure drop of approximate two inches of water (0.498 
kPa). The fan speed, therefore the airflow rate, can be adjusted by 
means of a variable speed drive controller. The fan inlet has an air 
filter bank. 
- Air heaters: the air is brought to the required temperature with 
the help of an electric duct heater. It is an SCR controlled, electric 
process air heating coil, manufactured by Indeeco, St. Louis Company. 
The heater has a total capacity of 82,000 Btuh (24 kW). 
- Water loop: the purpose of this element is to cool the air by 
circulating a water-ethylene glycol mixture through a coil. It consists 
of a heat pump, two circulating pumps and the connecting pipes. 
As seen from the last two ele ments, the facility provides a large air 
inlet temperature range. The actual measurements have been 
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performed in a range of temperatures between 80 F and 150 F (26.6 
C - 65.5 C). 
4.2. Refrigerant Loop 
It consists of the following important parts: 
- Refrigerant pumps: there are two pumps, one for a high flow rate 
and one for a low one. They are manufactured by Micropump 
Corporation of California; the mass flow rate for each of the m is 
controlled with a variable speed drive controller. Pumps have been 
selected instead of compressors, so that no oil had to be introduced in 
the system; that way, the refrigerant properties can be accurately 
measured and controlled. 
- Refrigerant heaters: they are manufactured by Minco Thermofoil 
and they consist of copper tube serpentines, which are wrapped 
longitudinally and are installed directly on the refrigerant tube, with 
heater tape. Primarily, the heaters were controlled by SCR's, but they 
introduced pressure variations; that is why the SCR's have been 
replaced with manually controlled autotransformers. 
- Receiver: it is installed upstream the pumps, so that they will not 
recirculate vapor. 
- Condenser : for this paper purpose, a Chrysler automotive 
condenser has been used; it is a parallel flow condenser, whose 
circulation scheme is presented in Figure 2.2. The condenser 
geometry will be analyzed in paragraph 4.1.4. 
4.3. Instrumentation 
The apparatus instrumentation can be divided, like the main parts, 
into two categories: 
4.3.1. Air Side Instrumentation 
The instru mentation used for air measure ments consists of : 
- The air flow Measurement Chamber, which is designed according to 
the following standards: 
ANSI/ ASHRAE Standard 51-1985 [8J 
"Laboratory Methods of Testing Fans for Rating" 
ANSI! ASHRAE Standard 41.2-1987 [9J 
"Standard Methods for Laboratory Air-Flow Measurement". 
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The system, previously developed as a part of the research project 
RP529 (ASHRAE) has the possibility of interchanging nozzles, which 
allows a good measurement accuracy for the air flow rate, over the 
entire desired range - which, for the automotive condenser coil is 
between 400 (0.188 m3/sec) and 1600 CFM (0.752 m3/sec ).The 
following data [2] has been used as guide for the nozzle selection. 
Nozzle Diameter(s) Airflow Range Maximum Fan 
[inches] [cfm] Speedpot Setting 
1 6 - 30 4.5 
3 60 - 270 5.0 
4 200 - 490 5.5 
7 400 - 1460 7.0 
10 800 - 2400 8.5 
10 & 4 1250 - 4250 8.5 
The last column of the previous table refers to the fan speed 
controller and the maximum air flow rate setting attainable before 
the nozzle(s) must be changed. 
- RTD's and thermocouples: in order to get accurate and verifiable 
measurements, there is a redundancy in the air temperature 
measurement. That is why, both upstream the condenser and 
downstream, besides RTD's, there have been installed thermocouple 
grids, consisting of 9 thermocouples each, three rows of three. 
Because, at low air flow rates an important stratification in the air 
duct had been observed, two air blenders have been installed to 
make the temperature distribution in a transverse section uniform. 
We must emphasize that, after this change brought in the system, the 
heat balance between air and refrigerant improved. 
- a differential manometer is installed into the system, to measure 
the air pressure drop into the test section. 
- humidity transducers measure the humidity up and downstream 
the condenser, on the air side. 
4.3.2. Refrigerant Side Instrumentgtion 
The most important measurements on the refrigerant side are: 
- the refrigerant flow meter: it is manufactured by Max Machinery 
and it is· insensitive to fluid viscosity over a wide range of 
temperature. 
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- pressure transducers: they are Setra Systems, Model 280E, with a 
range of 0 to 500 psia (0 to 3440 kPa). They measure the pressure 
upstream and downstream the condenser; as a redundancy, a 
differential pressure transducer is installed between the same points. 
- temperature transducers: RTD immersion probes are used; there 
are 4 transducers, but the main ones are at inlet and outlet of 
condenser. 
4.3.3. Data Acquisition System 
All the information provided by the enumerated instruments are 
collected by the data acquisition system, comprised of the following 
components: 
- Campbell Scientific 21 X Micrologger; it collects the measured data 
at desired time intervals. During our tests, the time interval between 
succesive readings on the computer has been one minute. However, 
between the actual readings the data logger collected six 
measurements and averaged them. Therefore, the data which is 
displayed and stored represents an average and not an instantaneous 
measurement. 
- three Campbell Scientific AM416 multiplexers; they help the data 
logger to scan a variety of sensor measurements; 
- a Campbell Scientific SC32A through which data is transported from 
the data logger to the computer; 
- a MacPlus computer which displays and stores the data. A True 
Basic program has been created in order to facilitate the access to 
information. 
4.4. Condenser Geometry 
The condenser important geometric data are as follows: 
a) The direct ones, which can be measured directly from the given 
geometry (according to Figure 3.3). The values of these data are 
presented in Table 4.1. 
With this measured values, we will proceed to calculate the derived 
ones. 
b) the derived ones: 
1) Hydraulic diameter: it is calculated with the equation: 
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Figure 4.3 The condenser, overall and detail. 
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where subscript "1" refers to a "cell" - a space limited by two 
adjacent tubes and two adjacent fins. 
2) Minimum air flow area: it results from the multiplication of Aft 
and the number of "cells", where this number is: 
3) Primary surface: the tube surface area less the area covered by 
the fins; theoretically, plus the header plate surface area on both 
sides. It is defined by the following formula: 
4) Secondary surface: it is the total surface area of the fins, including 
the fin edge area; it is defined by the following formula: 
Table 4.1 
Name of the Symbol Value 
component 
Number of tubes for Nt 22 
one pass 
Tube outside Do .235 .. (.006 m) 
diameter 
Tube inside diameter Di .204 .. (.0052 m) 
Tube length, one L2 22.25 .. (.565 m) 
pass 
Distance between L .6476" (.0164m) 
tubes 
Number of fins nf - 407 
Fin thickness a .005 .. (.127 mm) 
Distance between fins df .05467 .. (1.39 mm) 
Fin length (one wave) If .1644 .. (.0042 m) 
Fin width Ll .87 .. (.022 m) 
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5) Total heat exchange surface on the air side: 
6) Total heat exchange surface on the refrigerant side; it can be 
obtained with the following relation: 
The values for all these condenser characteristics are presented in 
the Table 4.2. 
7) 1lef development: for a plain or wavy fin of uniform rectangular 
cross-section with fin thickness "B" and fin height "1", the fin 
efficiency is given by the expression [11] : 
l1f = _1 tanh ( mb) 
mb 
where "m" and "b" are defined as : 
1 b=-
2 
With the fin efficiency deter mined, the overall surface efficiency of 
the prime (11 = 1) and secondary (1lf < 1) surface results: 
l1er = 1 - (1- l1f) ~sec 
tot 
We have to prove if the assumption under which TLP has been 
developed is correct, that means if the surface efficiency can be 
considered constant for our condenser; that is why, using the above 
equations, we shall study the efficiency variation with respect to the 
heat transfer coefficient; the values of the various elements in the 
equations: 
k = 202 W 1m K for aluminum; 
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a = .0038 m (the average of the fin length); 
h = 80 - 300 W 1m2 I( (the presumed air heat transfer range). 
With these values, the surface efficiency versus heat transfer 
coefficient graph is presented in Figure 4.4. 
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Figure 4.4. Surface efficiency versus heat transfer coefficient. 
It is easy to see that the curve presented in Figure 4.4 is almost a 
straight line; to determine the best line fit for the curve, again the 
least squares computer program used in Chapter III has been used; 
the result is : 
TIe! = -3.204e-4 h + 0.9951 
The equation gives us the value of the derivative of TIe! with respect 
to heat transfer coefficient : -3.204e-4, which is a very small 
number; this result entitles us to consider the TIe! constant, with an 
average value : 
TIe! = 0.96 
Therefore, the final value for the air side total area: 
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Atotair = 76.21 ft2 (7.043 m2) 
Table 4.2 
Name of the Symbol Value 
component 
Hydraulic Diameter Dh .0876" (.002225 m) 
Minimum air flow AI 1. 334ft 2 (. 1 24m 2) 
area 
Primary surface A prim 4.71 ft2 (.437 m 2) 
Secondary surface Asec 74.3542 (6.9 m2) 
Air side h.t. area Atot 79.06 ft2 (7.337 m2) 
Refrigerant side h.t. Ai 4.356 ft2 (.4047 m2) 
area 
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Chapter 5. EXPERIMENTAL RESULTS 
5.1 Experimental Data 
This paragraph will present the most significant experimental data 
performed with the previously presented apparatus. As previously 
stated, for chosen refrigerant characteristics the air side has been 
varied so that the heat exchanged be constant. 
The following tables show the obtained values: 
Test set # 1 : 
Refrigerant average parameters: 
mr = 401 lb m/hr; 
Tri = 167 F; 
Tro = 157.6 F; 
Pri = 327 psia; 
Pro = 307 psia. 
Air oarameters : 
test # ma [lbm/hr] 
1 3005.0 
2 3641.6 
3 4625.3 
4 5772.4 
5 8049.2 
Test set #2 : 
Refrigerant average oarameters : 
mr = 401 lb m/hr; 
Tri=221F; 
Tro = 157 F; 
Pri = 330 psia; 
Pro = 307 psia. 
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T ai [F] 
110.0 
115.0 
120.0 
125.0 
130.0 
Tao [F] 
140.9 
141.1 
140.9 
140.9 
141.2 
Air oarameters : 
test # ma Ubm/hrl 
1 5032.3 
2 5621.3 
3 5804.3 
4 6489.3 
5 7215.4 
6 8221.6 
Test set #3 : 
Refrigerant average parameters: 
mr = 1541bm/hr; 
Tri = 233 F; 
Tro = 155 F; 
Pri = 307 psia; 
Pro = 298 psia. 
Air parameters: 
test # 
1 
2 
3 
4 
5 
6 
Test set #4 : 
ma Ubm/hrl 
2448.0 
2974.0 
3450.0 
4272.6 
5250.0 
7302.0 
Refrigerant average parameters: 
mr = 1811bm/hr; 
Tri = 161 F; 
Tro = 150 F; 
Pri = 287 psia; 
Pro = 280 psia. 
47 
Tai [F] Tao [F] 
112.0 137.2 
115.0 137.8 
117.0 138.0 
120.0 137.8 
122.0 138.1 
125.0 138.0 
Tai [F] Tao [F] 
125.0 146.8 
130.0 146.2 
132.2 146.0 
135.2 145.9 
137.3 145.8 
140.1 146.2 
Air parameters: 
test # ma (lbm/hr] Tai [F) Tao [F) 
1 6941.0 135.0 141.2 
2 2087.5 120.5 141.1 
In order to have an overall view on the test sets, they are presented 
altogether in Appendix 2, along with the heat exchange on both 
refrigerant and air side. 
These are the values of the collected data; we must emphasize that 
the process of collecting these data is extremely delicate; the air flow 
rate has to be very well controlled in order to hold the refrigerant 
parameters constant. This is why the small variations in Tao appear; 
when very carefully collected, as in the last test, the outlet 
temperature stays constant, even when mass flow rate varies by a 
ratio of 3.3 . 
5.2 Data Reduction Results 
5.2.1. Direct Application of the Experiment 
5.2.1.1. TLP Application 
We shall use the conclusions drawn from the constant outlet 
temperature theory to calculate the heat transfer coefficients. The 
actual values of the different parameters have been picked from the 
test set # 1. 
In order to make the calculations, the following values have to be 
measured or derived: 
- average refrigerant temperature: Tr = 160.28 F = 71.27 C; 
Note: this temperature has been obtained by averaging the inlet and 
outlet saturation temperatures, which correspond to the inlet/outlet 
pressures. 
- exchanged heat: Q = 22221.8 Btu/h = 6511 W; 
- extrapolated temperature difference: 6T_ = 19.3 F = 10.72 C; 
- equation (3.3.9) coefficients: KJ = .OJ 116; K2 = 544.92. 
As stated in the end of the theory development, the suggested 
method has the following advantages: 
a) calculates the inside heat transfer coefficient, using equation 
(3.3.3) : 
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hI = ~_1 = 264 B~ = 1500.4 '; 
AT. Ai (h.ft .F) m K 
It has been shown at the end of the chapter II that this value is not 
exactly the refrigerant heat transfer coefficient, but it contains the 
wall resistance, fouling effects etc. So, in fact, the very value of the 
refrigerant heat transfer coefficient is higher that this one. But, from 
the air standpoint, this is not relevant. 
b) calculates the air side correlation; equation (3.3.9) has to be used; 
for our situation: 
The next step is to fit the above equation with the classical 
correlation: 
As stated before, in order to make this fit, a Marquardt search 
technique has been used (computer program is presented in 
Appendix I). The results are the following: 
C = 0.0572 
a=0.912 
b=O.4 
Coefficient "b" has been previously chosen, since its sensitivity in 
heat transfer coefficient value is extremely small. 
Another sensitivity analysis has been performed in order to establish 
how the air side heat transfer coefficient varies with the variation of 
the refrigerant heat transfer coefficient. Varying the refrigerant heat 
transfer coefficient by 1 %, the ~ir side coefficient has been 
recalculated. The variation has been 0.15 %. This result entitles to 
conclude that small variations in refrigerant heat transfer coefficient 
do affect in a small percentage. 
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In order to verify the procedure, we have collected data for many 
different steady states; from these data, the ones with a small 
amount of superheat have been selected. The measurement results 
are presented in Appendix 3. The same procedure as before has been 
used (equation (3.3.9) has given the value of ho, after the Reynolds 
number has been calculated). The results are presented in figure 5.1 . 
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Figure 5.1. Outside heat transfer coefficient versus Re for all the 
performed tests. 
This curve has been fitted with the same correlation as before, and 
the solution has been: 
C=0.05818 
a=0.913 
b=O.4 
The results are close, and of course the difference occurs due to 
measurement imperfections. We could draw the conclusion that, even 
if one measurement is enough to calculate the heat transfer 
coefficients, more measurements are required in order to minimize 
the experimental errors. 
so 
5.2.1.2. Alternative Method Application 
This paragraph will apply the equations developed in the chapter III, 
paragraph 3.4. This calculations will eventually validate the TLP 
results, since they rely on an independent method of air side 
correlation determination. In order to apply this method, we need 
three measurements with the same parameters on the refrigerant 
side. We shall use the values given by test set # 1. specifically tests 
# 1. 4 and 5. These tests have been chosen in order to cover the 
whole range of air mass flow rates. For each of the three tests, the 
mean temperature difference and the ratio between it and the heat 
flux have been calculated; this last value represents the W value. 
Then, the term from the right hand side of equation (3.4.3) results: 
With this value, the Re exponent can be calculated; from equation 
(3.4.6 ): 
1 - O. 52& = O. 7352 
1- 0.356& 
Using Engineering Equation Solver code and afterwards calculating 
the coefficient "c" in the air side correlation, the results are: 
C = 0.061 
a = 0.9 
b=OA 
As we can see the results obtained with all three methods are 
consistent, which allow us to conclude that TLP gives good results for 
this condenser. At the same time, we can say that the alternative 
method is a good one too, although it requires three measurements 
instead of one. The advantage of this method is that in can take into 
account the property variations of the fluids, which results into an 
improved accuracy. 
5.2.1.3. Systematic Search 
So far we have used Marquardt search technique in order to find 
solutions' to different equations 'or to curve fit different types of 
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eq uations. In this paragraph we shall check the previous results with 
another search procedure - the systematic search. Although it 
requires more run time, it shows a thorough picture of the solution. 
In order to put this into practice, test set # 1 results have been used. 
Intervals for both "C" and "a" have been selected, with small 
increments between successive values. An objective function was 
selected - the difference between Ao and the right hand ·side of 
equation (2.6): 
where O.F. is the objective function. 
For each "C" and "a", the objective function was computed. The 
calculations have been repeated for several times with smaller 
intervals for "C" and "a", so that a good resolution be obtained. 
The values of the couples (C, a, objective function) have been 
introduced in Spyglass computer program and plotted. 
Figure 5.2 shows the plot "C" versus "a" for different values of the 
ob jective function. It can be observed that the solution is well 
defined in the plot. The ratio between the highest values of the 
objective function and the lowest values is around 105• 
In order to get a spatial picture of the objective function versus the 
two variables, a three dimension plot has been drawn. Figure 5.3 
presents a surface plot of the same interval as Figure 5.2. The result 
in Figure 5.2 shows that the solution of the problem, therefore the 
coefficients in Nusselt correlation are roughly C=0.06 and a=0.91, 
results which shows that the previous calculations have been correct. 
The systematic search showed that the solution of the problem is in a 
"creek", which indicates that the data used for the determining of "C" 
and "a" have to be carefully collected in order to get an accurate 
solution. 
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Figure 5.2. Contour plot of the system-atic search. 
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Figure 5.3 Surface plot of the systematic search. 
5.2.2. Additional Application of the TLP 
Another verification of the theory has been performed, using 
previous measurements on the described apparatus. The 
measurements have been published in [10] and they involved a 
finned-tube automotive condenser with the geometric characteristics 
presented in Table 5.1 (data from [2]). 
As previously stated, a few available data points have been used 
with the procedure already presented, in the terms set by the 
Temperature Limit Principle. The data is presented in the Table 5.2: 
the first columns show the actual data. Then, with the above 
condenser geometry data, the Reynolds number has been calculated 
for each steady state in the table .. 
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Table 5.1 
Name of the Symbol Value 
component 
Hydraulic Diameter Dh .0055" (.00168 m) 
Minimum air flow Af 1.42 ft 2 (.1327 m 2) 
area 
Primary surface Aprim 6.19 ft2 LO.58 m 2) 
Secondary surface Asec 134.6ft2 02.5 m2) 
Air side h.t. area A tot 140.8 ft2 03.08 m 2) 
Refrigerant side h.t. Atot ref 6.065 ft2 (.563 m2) 
area 
As previously stated, a few available data points have been used 
with the procedure already presented. in the terms set by the 
Temperature Limit Principle. The data is presented in the Table 5.2: 
the first columns show the actual data. Then, with the above 
condenser geometry data, the Reynolds number has been calculated 
for each steady state in the table. 
Afterwards, using equation (3.3.9), the outside heat transfer 
coefficient has been calculated; the results are presented in the table 
too. In order to calculate the heat transfer coefficient we needed AT ... 
It has been determined as difference between the air outlet 
temperature and the average of the refrigerant inlet and outlet 
saturation temperatures corresponding to the inlet - outlet pressures. 
Therefore, for different Reynolds nu mbers there have been 
calculated heat transfer coefficients. 
For all these pairs of numbers, a correlation has been established, 
using the same Marquardt search technique. 
In this case, the corresponding correlation is: 
Nu = 0.0383 Reo.885 Pr°.4 
With the determined values, the j-factor has been calculated. It is 
determined by the following formula: 
j = St PrO.667 
where Stanton number (5t) is defined by the equation: 
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VI 
Q'\ 
, 
Test # 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
14 
Ta in 
[F] 
79.1 
79.5 
109.9 
110.0 
110.0 
80.3 
110.0 
150.1 
138.9 
140.2 
140.1 
149.7 
149.6 
11 0.1 
T air Ou Tr in 
[F] [F] 
104.3 131.9 
95.4 128.8 
121.5 141.6 
124.5 151.9 
130.9 162.6 
147.8 179.4 
164.0 193.9 
179.1 200.2 
146.0 165.4 
153.4 179.2 
158.5 189.0 
167.6 192.3 
174.6 199.7 
142.0 171.6 
Table 5.2. Experimental data from [10], for a serpentine coil 
Pr in Tr out Pr out mR rnA Re J-factor Q air Q ref 
[psi] [F] [psi] [Ibm/hr] [Ibm/hr] a=.883 [Btu/hr] [Btu/hr] 
196.5 120.6 189.7 407.8 4643.4 394.1 0.0193 28434 27968 
173.6 112.2 169.3 409.5 7540.2 640.0 0.0182 29133 29451 
217.1 130.9 219.1 209.6 4644.9 377.0 0.0194 13093 13782 
252.0 140.0 247.1 417.5 7063.5 574.0 0.0184 24888 26397 
289.5 149.9 280.7 600.8 6962.1 565.0 0.0185 35359 35995 
354.8 166.7 346.8 602.4 1839.3 149.0 0.0215 30170 32316 
418.9 180.9 411.2 574.9 1854.7 150.0 0.0215 24337 27438 
484.2 193.6 476.3 517.7 1837.4 225.0 0.0205 12948 19589 
298.3 154.0 297.1 212.6 6921.9 562.0 0.0185 11942 12445 
349.9 166.4 346.8 416.7 6866.8 558.0 0.0185 22026 22602 
388.1 175.0 382.8, 613.2 6876.3 558.0 0.0185 30745 31351 
410.7 179.7 405.6 398.8 4328.0 351.0 0.0195 18826 19411 
456.2 188.6 448.8 606.4 4382.4 356.0 0.0195 26623 26350 
325.9 160.1 319.6 609.8 4314.2 350.0 0.0195 33442 ~~OfJ3 
-_._---
Nu St=--
RePr 
If we replace the Nusselt number in this last equation, we get for the 
j-factor the following expression: 
1 j = C ReCa-1)Pr 12 
The last column in the table calculates the j-factor with the already 
calculated values for "C" and "a". These calculations have been 
performed in order to compare this j-factor with the one calculated 
by Weber for the very same coil, but with a totally different 
procedure, briefly presented in Chapter 1. Both results are presented 
in Figure SA, along with the curve obtained using the literature [11. 
Figure SA shows that the results obtained with TLP procedure give a 
higher coefficient for Reynolds than both [1] and [2], but the values 
of the j-factor are of the same order of magnitude . 
. 1~------------------------------, 
III 
• 
• 
: 
new procedure 
Kays & London 
Robert Weber 
. 0011---------r---~--_,--~_r_r~~ 
100 1000 
Reynolds number 
Figure SA. J-factor comparison for the serpentine coil. 
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5.3 Comparison of Heat Transfer Parameters with Classical 
Results 
This paragraph will try to compare the results obtained in the 
present thesis with values from literature. 
We tried to develop methods of computing the coefficients "C" and "a" 
for the air heat transfer coefficient, when air flows outside a tube 
and fin heat exchanger. 
The values calculated in the thesis: 
C = 0.06 
a=0.9. 
The values which can be obtained from [12] are the following (for air, 
in cross-flow heat exchangers) : 
C = 0.683 
a = 0.466. 
Figure 5.3 presents the variation of the heat transfer coefficient 
using the above numbers, together with a hydraulic diameter and a 
heat conductivity: 
Dh = .00222 m 
k = 0.028 Wlm K. 
The values used have been selected equal to the values used in the 
thesis. Therefore, the heat transfer coefficient can be calculated with 
the expression: 
where "b" is 1 13 for the literature correlation and 0.4 for thesis 
correlation. 
As we can see, the difference between the two correlations is small 
for low values of Reynolds (around 300) and increases with 
increased values of Reynolds. For Re = 1000, the difference between 
the two correlations becomes around 50 %. 
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Figure S.3 Air heat transfer coefficient comparison. 
The reason for which this difference occurs has not been fully 
established so far. We think that it involves the flow through very 
small hydraulic diameters. Further investigations are required in 
order to discover the significant differences between the results 
obtained in the thesis and other correlations. 
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Chapter 6. SUMMARY AND CONCLUSIONS 
This thesis describes a new way to calculate the air side heat transfer 
coefficient for the automotive air conditioning condensers. The 
method was developed as a result of the fact that many experiments 
showed an interesting phenomenon - the air outlet temperature 
stayed constant under certain conditions. This observation led to the 
development of the Temperature Limit Principle and its 
applications. 
As shown in the thesis, one application of the principle is to 
determine the heat transfer correlation for a fluid (air in our air 
conditioning condenser), with certain assumptions (quasi constant 
properties, constant heat exchange surface etc.). The important 
advantage of the method is that it requires only one measurement. 
Using the extrapolation of the air mass flow rate to infinity, the 
method calculates the refrigerant heat transfer coefficient and then 
gives the air heat transfer coefficient as a function of Reynolds 
number, for the particular measurement. This permits the 
development of a classical correlation for the heat transfer coefficient 
can be developed. The procedure was compared with independent 
calculations which led to the same result. 
Based on the information presented in this thesis, the following 
conclusions can be drawn: 
l. The TLP procedure is extremely simple to implement and 
produces a large amount of information from a single experiment. 
2. The TLP procedure is based on very general principles, but has 
been applied to cross flow heat exchangers only, Additional 
experiments with other geometries should be performed. 
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Appendix 1 
! Marqurdt Search Technique Computer Program 
! It curve fits the heat transfer coefficient given by the TLP 
! procedure with the classical correlation 
! The problem is solved in SI 
DIM X( 1 ),LAI( 1,1 ),A( 1,1 ),H( 1 ),S( 1 ),XNEW( 1 ),NABF( 1) 
DECLARE DEF F 
LET NV AR=2 ! Number of unknown parameters 
MAT X=ZER(NVAR) 
MAT XNEW =ZER(NV AR) 
MAT S=ZER(NV AR) 
MAT H=ZER(NV AR) 
MAT A=ZER(NV AR,NV AR) 
MAT LAI=ZER(NVAR,NV AR) 
MAT NABF=ZER(NVAR) 
LET X( 1 )=.075 ! initial guess 
LET X(2)=.9 ! initial guess 
LET LAMDA= 1.e7 
LET ALPHA= 1. 
MAT PRINT X 
FOR QE2= 1 TO 10000 
FOR 1=1 TO NVAR 
LET H(I )=X(I)/ l.e5 
NEXT I 
PRINT "Iteration # :";qe2 
PRINT "F(X) = ";F(X) 
PRINT "MATRIX X :" 
MAT PRINT X 
CALL HESSIAN(XO,NV AR,HO,A(,)) 
CALL NABLA(XO,NV AR,H(),NABF()) 
CALL LAMI(LAMDA,NV AR,LAI(,)) 
CALL CALS(A(,),LAI(,),NABF(),NV AR,S()) 
CALL XNEWC(SO,XO,NV AR,ALPHA,XNEWO) 
for t= 1 to nvar 
pri nt nabf(t) 
next t 
MAT X=XNEW 
LET LAMDA=LAMDA/2 
NEXT QE2 
END 
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! The following function gives the value of squares sum 
! 
FUNCTION F(XO) 
DIM RE(1 O),B(1 0) 
LET NVAL = 10 
I X( 1 )=C ! C & a are parameters in the air side correlation. 
! X(2 )=a 
MAT READ RE 
DATA 200,300,400,500,600,700,800,900,1000,1100 
LET Cs=.009337 
LET Css=S44.918 
FOR 1=1 TO NVAL 
Let B( 1)= 1 ICs* 1 I( Css/RE( I )/log( Css/RE( 1)+ 1 )-1 )-10.91 *X( 1 )*RE( I YX( 2) 
NEXT I 
LET F=O 
LET WW=O 
FOR 1= 1 TO NV AL 
LET WW=WW+(B(I)Y2 
NEXT I 
LET F=WW 
END DEF 
! The following subroutine calculates the second degree gradient of 
! the function f 
! 
SUB HESSIAN(XO,NV AR,HO,A(,» 
DECLARE DEF F 
DIM EI( 1 ),EJ( 1 ),Y1 (1 ),Y2( 1 ),Y3( 1) 
MA T Y 1 =ZER(NV AR) 
MAT Y2=ZER(NV AR) 
MAT Y3=ZER(NV AR) 
MAT A=ZER(NV AR,NV AR) 
MAT EI=ZER(NVAR) 
MAT EJ=ZER(NV AR) 
FOR 1=1 TO NVAR 
MAT EI=ZER(NVAR) 
LET EI(I)= 1 
FOR J=1 TO NVAR 
MAT EJ=ZER(NVAR) 
LET EJ(J)= 1 
FOR M=1 TO NVAR 
LET Yl(M)=X(M)+EI( m)*H(m)+Ej(m)*H( m) 
LET Y2(M)=X(M)+EI(m)*H(m) 
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LET Y3(M)=X(M)+Ej(m)*H(m) 
NEXT M 
LET A(I,j)=(F(Y 1 ())-F(Y2())-F(Y3())+F(X()))/(H(I )*H(J)) 
NEXT I 
END SUB 
! 
NEXT j 
! Subroutine for the calculus of the nabla F 
! 
SUB NABLA(X(),NV AR,H(),NABFO) 
DECLARE DEF F 
DIM Y( I),EI( I) 
MAT NABF=ZER(NV AR) 
MAT Y=ZER(NVAR) 
MAT EI=ZER(NVAR) 
FOR 1=1 TO NVAR 
MAT EI=ZER(NV AR) 
LET EI(I)=l . 
MAT Y=X 
LET Y(I)=X(I)+EI(I)*H(I) 
LET NABF( I)=(F(Y() )-F(XO) )/H(I) 
NEXT I 
END SUB 
! 
! Subroutine to calculate Lamda*l(,) 
! 
SUB LAMI(LAMDA,NVAR,LAI(,)) 
MAT LAI=ZER(NV AR,NV AR) 
FOR 1=1 TO NVAR 
LET LAI(I,I)=LAMDA 
NEXT I 
END SUB 
! 
! Subroutine to calculate Sk 
! 
SUB CALS(A(,),LAI(,),NABF(),NV AR,S()) 
DIM SIG( 1,1 ),SIGI( 1,1) 
MAT SIG=ZER(NV AR,NV AR) 
MAT SIGI=ZER(NV AR,NV AR) 
MAT SIG=A+LAI 
MAT SIGI=INV(SIG) 
MAT S=SIGI*NABF 
END SUB 
6S 
Subroutine to calculate the new X vector 
! 
SUB 
XNEWC(S(),X(),NV AR,ALPHA,XNEW(») 
FOR 1=1 TO NVAR 
LET XNEW(I)=X(I)-ALPHA *S(I) 
NEXT 1 
END SUB 
66 
0' 
-...J 
Test # 
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Test Set #3 
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[fest Set #4 
1 
2 I 
Ta in Ta out 
[F] [F] 
110.0 140.9 
115.0 141.1 
120.0 140.9 
125.0 140.9 
130.0 141.2 
112.0 137.2 
115.0 137.8 
117.0 138.0 
120.0 137.8 
122.0 138.1 
125.0 138.0 
125.0 146.8 
130.0 146.2 
'132.2 146.0 
135.2 146.0 
137.3 145.8 
140.1 146.2 
120.5 141.1 
135.0 141.2 
rnA Tr in Pr in 
[Ibrn/hr] [F] [psi) 
3005.0 167.6 325.5 
3641.6 166.6 326.6 
4625.3 167.5 326.2 
5772.4 167.5 327.3 
8049.2 166.0 326.8 
5032.3 221.1 332.5 
5621.3 220.9 331.8 
5804.3 221.6 330.3 
6489.3 221.2 330.1 
7215.4 221.8 330.9 
8221.6 221.1 330.6 
2448.0 233.0 307.2 
2974.0 230.9 307.2 
3450.0 232.4 308.0 
4272.6 231.0 309.0 
5250.0 231.7 308.2 
7302.0 230.3 308.6 
2087.5 163.4 287.0 
6941.0 160.4 '--- ?~7.6_ 
-- -- --- -------_. _ .. _-
Tr out Pr out rnR 
[F) [psi) [Ibrn/hr) 
156.9 306.0 402.6 
157.2 306.6 401.7 
157.3 306.6 400.8 
157.6 307.4 402.6 
157.2 306.8 403.0 
157.3 309.3 400.2 
156.7 308.7 400.3 
157.1 307.6 402.4 
157.3 307.0 401.5 
156.6 308.2 402.3 
157.6 308.7 400.8 
155.0 297.8 155.0 
154.9 298.0 153.6 
155.0 298.5 154.5 
155.2 299.0 154.1 
155.1 298.6 154.0 
155.1 298.9 153.2 
150.0 280.0 180.5 
150.3 280.8 I 180.5 
ca Qr 
[Btu/hr] [Btu/hrJ 
22376.0 22460.1 
22909.8 22168.3 
23306.8 22257.5 
22133.3 22268.0 
21745.7 22138.8 
30557.0 29139.2 
30888.1 29224.9 
29378.8 29431.4 
27844.6 29287.6 ! 
28006.4 29519.4 
25771.1 29167.6 
12873.1 12128.6 
11624.1 11932.8 
11488.1 12058.3 
11136.0 11946.8 
10774.4 11980.9 
10752.0 11854.7 
10368.0 10843.9 
10382.9 10629.0 
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Test #I 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
14 
15 
16 
17 
--------------
Ta in Ta out 
[F] [F] 
79.4 155.9 
80.0 108.4 
80.2 95.6 
80.0 90.7 
78.6 112.8 
110.0 137.9 
110.1 129.2 
100.0 123.7 
110.0 124.8 
140.0 152.7 
139.9 155.3 
150.1 168.3 
150.4 165.7 
109.6 131.3 
150.1 176.6 
150.2 165.7 
150.0 157.3 
rnA Tr in Pr in 
[lbrn/hr] [F] [psi] 
1775.3 197.9 403.8 
3865.2 151.8 230.8 
3912.8 124.1 166.0 
6200.3 123.0 155.3 
4956.8 168.2 275.6 
4936.0 182.2 346.6 
7621.3 171.8 317.2 
4782.0 162.8 276.6 
7002.6 162.2 273.5 
6955.0 197.0 370.4 
7008.0 188.1 398.6 
4854.5 196.6 449.3 
4748.0 196.3 422.0 
1961.3 153.9 249.3 
2623.8 206.8 465.0 
2032.5 188.1 379.5 
4953.4 183.4 345.2 
Tr out Pr out rnR 
[F] [psi] [Ibrn/hr] 
172.7 .371.5 600.2 
126.8 206.9 386.4 
107.4 157.1 195.3 
102.5 146.2 193.0 
136.7 235.3 560.5 
159.5 315.4 548.6 
150.7 282.5 562.1 
142.3 253.2 415.4 
142.2 253.3 388.2 
168.7 353.0 380.2 
173.3 374.2 517.6 
184.5 427.2 500.4 
180.2 405.8 385.1 
139.2 243.8 155.2 
189.0 449.4 366.6 
173.1 372.5 153.9 
165.1 338.6 155.7 
c.a 
[Btu/hr] 
32703.5 
26374.1 
14469.0 
15926.5 
40735.9 
33181.5 
35059.1 
27788.8 
24955.4 
21328.3 
26062.9 
21360.6 
17561.1 
10251.2 
16817.1 
7615.6 
8737.5 
Qr 
[Btu/hr] 
32808.6 
26721.2 
14171.1 
14423.0 
37887.1 
32095.8 
33995.9 
26433.2 
24715.3 
22178.1 
26307.4 
22408.1 
18951.4 
9912.5 
16850.5 
8077.9 
8829.9 
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